Several recent reports have identified the scientific requirements for a future soft X-ray light source [1, 2, 3, 4, 5] , and a high-repetition-rate free-electron laser (FEL) facility responsive to them is being studied at Lawrence Berkeley National Laboratory (LBNL) [6] . The facility is based on a continuous-wave (CW) superconducting linear accelerator with beam supplied by a high-brightness, high-repetition-rate photocathode electron gun operating in CW mode, and on an array of FELs to which the accelerated beam is distributed, each operating at high repetition rate and with even pulse spacing. Dependent on the experimental requirements, the individual FELs may be configured for either self-amplified spontaneous emission (SASE), seeded highgain harmonic generation (HGHG), echo-enabled harmonic generation (EEHG), or oscillator mode of operation, and will produce high peak and average brightness x-rays with a flexible pulse format ranging from sub-femtoseconds to hundreds of femtoseconds. This new light source would serve a broad community of scientists in many areas of research, similar to existing utilization of storage ring based light sources.
Introduction
Several recent reports have identified the scientific requirements for a future soft X-ray light source [1, 2, 3, 4, 5] , and a high-repetition-rate free-electron laser (FEL) facility responsive to them is being studied at Lawrence Berkeley National Laboratory (LBNL) [6] . The facility is based on a continuous-wave (CW) superconducting linear accelerator with beam supplied by a high-brightness, high-repetition-rate photocathode electron gun operating in CW mode, and on an array of FELs to which the accelerated beam is distributed, each operating at high repetition rate and with even pulse spacing. Dependent on the experimental requirements, the individual FELs may be configured for either self-amplified spontaneous emission (SASE), seeded highgain harmonic generation (HGHG), echo-enabled harmonic generation (EEHG), or oscillator mode of operation, and will produce high peak and average brightness x-rays with a flexible pulse format ranging from sub-femtoseconds to hundreds of femtoseconds. This new light source would serve a broad community of scientists in many areas of research, similar to existing utilization of storage ring based light sources.
To reduce technical risks and construction costs, accelerator research, development, and design studies at LBNL target the most critical components and systems of the facility. We are developing a high-repetition-rate low-emittance electron gun, high quantum efficiency photocathodes, and have embarked on design and optimization of the electron beam accelerator, FEL switchyard, and array of FELs. We continue our work on precision timing and synchronization systems critical for time-resolved experiments using pump-probe techniques.
Scientific requirements for next-generation light sources
The innovation expected from enhanced X-ray sources lies in combining and extending existing knowledge of matter at the atomic scale, with extreme spatial, temporal, and energy resolution. Properties of anticipated new FEL X-ray sources include the ability to reach ultrafast timescales of electron motion around an atom, the spatial scale of the atomic bond, and the energy scale of the bond that holds electrons in correlated motion with near neighbors. These capabilities will allow probing of the microscopic flow of energy and information within materials and thereby support the design and optimization of novel energy conversion systems. In addition, these novel sources have an intensity and brightness needed to observe the subtlest of nature's secrets at these frontier space, time, and energy scales.
While our understanding of the time-and energy-dependent behavior of matter in its ground or natural state is still severely limited, we know even less about excited states. Such states are of key scientific and technological importance, for they typically determine how matter functions during chemical reactions and during physical and biological processes. Excited states of interest span a vast range, being close to the natural (ground or equilibrium, as appropriate) state (as in electronic transport), relatively far from it (photochemical reactions), and very far from it (as in extreme conditions imposed by pressure, radiation, or electric and magnetic fields).
Embedded in these challenges is the exploration of the atomic or nanoscale on the "natural" timescale of atoms, electrons, and spins and on the "operational" timescale that determines function-key in technological applications. There is presently a striking discrepancy between the natural timescales of atomic motion (about 10 fs), spin motion (down to about 1 fs), and electronic motion (down to attoseconds) and the fastest operational timescales (approaching 100 ps). A critical challenge is to pave the way to expand technology into the ultrafast, with five orders of magnitude in improvement down to the intrinsic timescale of charge and spin motions of valence electrons.
In addition to temporal resolution, spatial resolution is also important on both short and longer timescales characteristic of diffusion and displacement, and of sound propagation, for example. Higher coherent flux from future X-ray sources will permit imaging on timescales approaching MHz. This opens the door to scientific discovery in catalysis, deformation, phase nucleation and transformations.
A high-repetition-rate FEL facility LBNL staff are developing a design concept for a 10-beamline, coherent, soft x-ray FEL array powered by a 2.4-GeV superconducting accelerator operating with a 1-MHz repetition rate. Nominal 1-nC electron bunches are fanned out through a spreader, distributing beams to an array of 10 independently configurable undulators and FEL beamlines with nominal bunch rates up to 100 kHz. The FELs may be seeded by optical lasers to control the X-ray output characteristics or may use self-amplified spontaneous emission (SASE) techniques, including generation of lowcharge, high-brightness bunches with intrinsically short duration. Users specify the wavelength, pulse duration, and polarization, so that the 10 simultaneously operating beamlines can be individually optimized for specific experiments, including broad spectral coverage and multiple beam capability. The spectral range is from 10 eV to 1 keV, with harmonics to approximately 5 keV at reduced intensity. The beams are also synchronized with optical lasers or IR and THz sources for pump-probe experiments. Three principal modes of operation are proposed: ultrashort pulse (300 as-10 fs), short pulse (10 fs-100 fs), and high spectral resolution (requiring pulses from 100-500 fs). The spectral bandwidth in each mode is anticipated to approach fundamental transform limits. Other features include the capability to achieve high peak power (~1 GW) for nonlinear optics, control of peak power to reduce sample damage, and high average power (~1 W) for low-scattering-rate experiments. With 10 beamlines, the facility will be capable of serving ~2000 users per year. Table 1 shows performance goals.
Accelerator R&D and design studies

Electron-beam delivery systems
Electron bunches from an injector require elaborate preparation before becoming suitable for use in an FEL. First, acceleration to sufficiently high energy is necessary to generate shortwavelength X-ray pulses. In our baseline design concept, acceleration is provided by twenty 1.3-GHz TESLA-type superconducting rf modules [7] operating in CW mode with 13.5-MeV/m average gradient. In addition, efficient lasing in FELs also requires an electron beam with high 6D brightness
, small transverse emittance ε ⊥ , and small uncorrelated energy spread σ E . The beam peak current I at the exit of the injector (of the order of 70 A) is more than an order of magnitude smaller than the 1-kA design target and is enhanced by bunch compression through a magnetic chicane. Bunch compression must be done while preserving a small transverse emittance (a value at the level of 0.8 µm or less is required for efficient lasing at 1-keV photon energy) while a tight demand on the maximum allowable uncorrelated energy spread (σ E ≈ 100 keV) is posed by the use of seeding techniques for lasing. During transport to the FELs, a number of effects can degrade beam quality and spoil brightness, including transverse and longitudinal space charge, longitudinal wake fields, and coherent synchrotron radiation. We have investigated these effects extensively and devised strategies to tame their impact on the beam. A schematic of the accelerator layout is shown in Figure 1 , and details of the machine configuration are provided in [8] .
One of the most delicate issues of beam dynamics is control of the microbunching instability [9] , which tends to produce electron-beam fragmentation in longitudinal phase space that would prevent successful operation of a seeded FEL. One way to contain the instability is to perform a one-stage bunch compression through a single chicane. Previous studies showed that configurations with two or more bunch compressors consistently display a higher degree of microbunching instability [10] . A second essential measure is to arrange the spreader to be isochronous [11] . However, the most effective means to control the instability is to employ a laser heater [12] , which washes out density fluctuations in the electron bunch by increasing its uncorrelated energy spread. Our studies using the IMPACT code [13] and analytical estimate of the microbunching instability based on a linear model [14] show that a laser heater arranged to generate a 5-keV energy spread allows the electron beam to maintain a reasonably smooth density profile through the end of the spreader while keeping the slice uncorrelated energy spread in the beam core below 100 keV (Figures 2 and 3) .
FEL design
A number of techniques have been developed for controlling FEL output, including the use of electron beams that are ultrabright, ultrashort-pulse, optically manipulated, or seeded. A leading technique for a seeded FEL in our project is echo-enabled microbunching [15] . Recent studies [16] indicate that using this technique, one can reach X-ray wavelengths in the water window beginning with an optical seed by performing two relatively simple acts of electronbeam manipulation using laser beams. Confidence in this technique is based on previous experience in modulating the electron-beam energy in slicing sources and seeding experiments; additional tests are planned at a number of facilities.
There is strong interest in the scientific community to learn how chemical bonds in molecules form, break, or change using soft X-ray FELs producing sub-femtosecond X-ray pulses [4] . Our studies show that using an FEL, one can possibly prepare two-color pulses of attosecond-scale duration with a precisely controlled time delay to do stimulated X-ray Raman spectroscopy [17] to address these needs; Figure 4 shows simulated output for a two-color FEL [18] . We continue to explore optical manipulation techniques that can provide exquisite control of the X-ray pulse, allowing novel and powerful experimentation opportunities.
The high electron-bunch repetition rate in our machine offers an excellent opportunity for precision electron-beam diagnostics and use of broadband feedback loops. Simulating a wide variety of jitter sources, we find that feedback systems can reduce electron-bunch arrival-time jitter from 60 to 20 fs, and the electron-bunch energy jitter from 250 to 90 keV.
Photocathode design
Metal cathodes can be robust, but they suffer from poor quantum efficiency (QE), and that the large work function of most metals requires that UV light is needed for excitation. This means that several stages of harmonic generation have to be used from Ti:Sapphire or Yb-based lasers, limiting the repetition rate based on the average power of currently available lasers. A high repetition rate requires high-QE photocathodes that ideally operate in the optical or IR regimes.
We investigated the use of the alkali antimonides, specifically K 2 CsSb, as the basis for a high-rep-rate cathode. This material was used previously in photoinjectors, specifically in the Los Alamos-Boeing FEL [19] , and achieved good performance at high average current. It was found to be efficient and reproducible in manufacture, but suffered from oxygen and water contamination that reduced QE over time. However, a 30-hr lifetime was achieved in an improved gun design with improved vacuum. The VHF gun design under development at LBNL (see below), with its high conductance and large pumping capacity, is designed to provide much better vacuum than rf guns and should give commensurately longer cathode lifetimes.
The great advantage of the alkali antimonides is that second -harmonic light from a Yb (thin disk or fiber) laser can be used, greatly reducing laser complexity. Our present work is focused on establishing routine production of high QE-films on a Mo substrate and demonstration of high average current and low transverse momentum. This work is carried out in a lab dedicated to photocathode production and characterization. The latter consists of measurements of QE as a function of energy, reflectivity, scattering, and angle-resolved photoemission for momentum measurements. While we believe that K 2 CsSb is the ideal material, it is unproven under our precise conditions of QE and emittance, and so we also plan to investigate Cs 2 Te as used at FLASH as a backup option [20] . This material, although now proven to achieve high QE and long lifetime, requires significantly higher laser power due to its UV threshold.
VHF photo gun
To meet the needs of a future high-repetition-rate FEL facility, LBNL is developing a VHF CW laser photocathode rf gun using a room-temperature copper cavity. This project has the potential to significantly influence the design of either a high repetition-rate linac-based FEL or an energy-recovery linac. Major performance goals are listed in Table 2 ; flexibility and reliability in operation are additional key factors influencing our design. Simultaneously satisfying these performance parameters allows us to achieve two main goals-production of the high-brightness beam required by the FEL and the capability to operate with high-QE photocathodes requiring extremely low vacuum pressures. This last requirement is necessary for operating at high repetition rate with present laser technology. We chose a room-temperature CW VHF cavity with laser photocathode to meet all the performance parameters simultaneously. The use of mature and robust VHF cavity technology overcomes the reliability challenges of other techniques while accommodating a variety of cathode materials and allowing a high accelerating gradient at the cathode at high repetition rate [21, 22, 23, 24] . Preliminary beam dynamics studies show the capability of such a gun to generate the beam parameters required to operate a soft X-ray FEL [25] .
The core of such a gun is a normal-conducting rf cavity resonating at approximately 187 MHz. The frequency choice is compatible with both 1.3 and 1.5 GHz superconducting linac technologies, the most probable candidates for the main linac. Because of the low frequency, the structure is relatively large and the power density on the walls is small and compatible with CW operation using conventional water-cooling. Additionally, the long rf wavelength allows for the large high-conductance vacuum ports necessary for achieving the desired vacuum pressure. Figure 5 shows a cross section of the VHF cavity. Most of the cavity is made of solid OFHC copper externally supported by stainless steel flanges. Çooling channels are machined into areas of highest heat load, and cooling tubes provided for other areas. The vacuum system is designed to achieve a pressure into the low 10 -11 Torr range when operating at the nominal rf power. The VHF cavity is currently under construction, and the VHF tetrode power supply is being procured from a commercial supplier. Preparation of the shielded area for housing the photoinjector has started, and initial rf conditioning followed by tests of gradient and vacuum conditions are planned for 2010.
Timing and synchronization systems
LBNL staff are developing timing distribution systems for synchronization of rf plants and/or lasers in short-pulse FEL facilities [26, 27, 28] . Currently we are prototyping a timing system that will synchronize pulsed lasers to the electron-bunch arrival time in the LCLS, and another system that will deliver a stable rf reference to the low-level rf system in the FERMI@Elettra FEL at Sincrotrone Trieste. The scheme used for both systems is to modulate S-band rf (~3 GHz) onto a single-frequency, wavelength-stabilized laser signal delivered over fiber optics and to receive the rf on a photodiode. Changes in fiber length are monitored by an interferometer that uses the same laser signal and provides information to a digital phase shifter at the receiver. The received rf is digitized and numerically phase shifted in proportion to the interferometer data on fiber length. This phase-shifted signal can be compared with a local oscillator or with a pickup from an accelerating cavity to generate an error signal for control [29] . All components are standard fiber telecom, microwave, and digital parts, built into rackmount chassis. The transmitter equipment fits in a standard 6-ft-high rack, while the receiver is a chassis with a remote phase sensor connected by delay-corrected cables. The sensor can be located near a laser or an accelerator cavity, to minimize uncorrected cable length.
Tests have been made of a dual-channel transmitter/receiver set with different fiber lengths in the two channels. As shown in Figure 6 , the relative rms temporal stability over 60 h was 19.4 fs with 2.2 km in one channel and 2 m in the other. With 200 m in one channel and 2 m in the other, the rms stability over 20 h was 8.4 fs. Currently we have replaced the dual-channel receiver with two single-channel receivers, one controlling a voltage-controlled oscillator. Preliminary tests show about 20-fs relative stability over 12 h, with 200 m of fiber in one channel. Specifications are 50 fs rms for FERMI@Elettra and 100 fs for LCLS, both requiring about 200-m fiber runs, so we will be able to meet these with some margin.
Summary
LBNL is developing a design concept for a soft X-ray free-electron laser light source with capabilities of extreme spatial, temporal, and energy resolution, which would serve a broad community of research scientists and engineers in many fields. We are embarked on a research, development and design program addressing the most critical needs of photocathodes and gun design aimed at the demonstration of high-brightness, high-rep-rate capability, beam delivery and FEL design concepts, and timing and synchronization systems for ultrafast pump-probe experimentation. Together with collaborations and developments in FEL technologies pursued at other institutions, these activities will form the basis for a SXR FEL facility design offering truly unique capabilities. This document was prepared as an account of work sponsored by the United States Government. While this document is believed to contain correct information, neither the United States Government nor any agency thereof, nor The Regents of the University of California, nor any of their employees, makes any warranty, express or implied, or assumes any legal responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by its trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof, or The Regents of the University of California. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof or The Regents of the University of California.
